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Abstract. In this paper results of the experimental and theoretical studies of the field emission driven direct
current argon microdischarges for the gaps between 1 μm and 100 μm are presented and discussed. The
breakdown voltage curves and Volt-Ampere characteristics proved to be a fertile basis providing better
understanding of the breakdown phenomena in microgaps. Based on the measured breakdown voltage
curves, the effective yields have been estimated confirming that the secondary electron emission due to
high electric field generated in microgaps depends primarily on the electric field leading directly to the
violation of the Paschen’s law. Experimental data are supported by the theoretical predictions that suggest
departure from the scaling law and a flattening of the Paschen curves at higher pressures confirming that
Townsend phenomenology breaks down when field emission becomes the key mechanism leading to the
breakdown. Field emission of electrons from the cathode, the space charge effects in the breakdown and
distinction between the Fowler-Nordheim field emission and the space charge limited current density are
also analyzed. Images and Volt-Ampere characteristics recorded at the electrode gap size of 20 μm indicate
the existence of a discharge region similar to arc at the pressure of around 200 Torr has been observed.

1 Introduction

Studies of the microdischarges based on the narrow elec-
trode gaps and high pressure properties are relevant for
a wide range of promising applications, such as light
sources, sensors, material processing and synthesis, chem-
ical analysis, environmental applications and medical
treatments [1–10]. The microdischarges are similar to the
conventional discharges at larger scales in many ways, but
have some important differences. As the distance between
the electrodes is decreased, the pressure at which lower
currents and stable discharges exist is increased, up to and
exceeding the atmospheric pressure. Since the microplas-
mas are usually in non-thermal equilibrium so the electron
temperatures can be very high, while the other species re-
main at low temperatures, they are well-suited to treat
heat sensitive surfaces [11–13]. However, due to the small
dimensions, investigations with optical diagnostics in mi-
croplasma discharges are very challenging [14,15].

Similarity and scaling laws are effective tools for es-
timation of the discharge conditions from those in large
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scale low-pressure discharges to the operation of a down-
scaled discharge [16–18]. Due to the simple and well-
defined geometry, the parallel plate direct-current (DC)
micro discharge represents an ideal configuration for
benchmarking models and for checking similarities with
the larger scale low-pressure discharges. Although numer-
ous studies and publications for the low-pressure standard
size parallel plate discharges exist, for the parallel plate
DC micro discharges, only a few theoretical and exper-
imental studies exist. The scaling of the voltage-current
characteristic [19,20] and Paschen’s law [21] were verified
for the micro discharges.

The main approach in generating a micro-discharge in
atmospheric pressure is based on scaling law [22,23]. Scal-
ing should be related to the pd product (the pressure ×
the electrode separation) meaning that in order to ignite a
plasma at atmospheric pressure the inter electrode gap di-
mensions have to be scaled down to the micrometer range.
According to the Townsend’s theory, the Paschen curve
represents the voltage needed to achieve a balance be-
tween the number of electrons lost by diffusion and drift
in the inter-electrode gap and the number of secondary
electrons generated at the cathode [24]. Over a wide range
of pressures and electrode separations, the probability of
ionization per electron-neutral collision in the gas and the
probability of the secondary electron production at the
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cathode by ion impact are proportional to the reduced
electric field and lead to the well-established pd similar-
ity law. The departures from the similarity law, however,
are observed in the microgaps indicating that Paschen
curves do not offer sufficient information in the case of
very small separations [25,26]. Therefore it is necessary
to determine volt-ampere (V -A) characteristics of the DC
micro-discharges for proper understanding the process of
breakdown [27,28].

In this paper the breakdown voltage phenomena in DC
argon microdischarges have been investigated experimen-
tally and theoretically. The breakdown voltage curves were
recorded at the gap sizes from 1 μm and 100 μm. Based on
the recorded breakdown voltage curves, the dependence of
the effective yields on the reduced electric field and on the
electric field have been estimated. The expression for the
breakdown voltage in microgaps has been applied in or-
der to calculate the gap size and pressure dependences of
the breakdown voltage for gaps less than 1 μm. Results for
the gaps of a few microns have been analyzed via Fowler-
Nordheim theory for the field emission. The effect of the
different parameters on the current density has been stud-
ied and compared with the space charge limited current.
Volt-Ampere characteristics recorded at the electrode gap
size of 20 μm suggest the existence of micro-arc plasma
discharges operating at the pressures of around 200 Torr.

2 Theoretical background

2.1 Field emission

In general, field emission (FE) represents the extraction
of electrons from a solid by tunneling through the surface-
potential barrier under the influence of a strong electric
field, such as field generated in the microgaps [29,30].
FE is recognized as the most important factor in break-
down initiation in small gaps and can be described as
the ejection of electrons from the surface at high-field
strengths [31–33]. When the electric field becomes suffi-
ciently large, an ion that approaches the cathode could
narrow the potential barrier seen by the electrons in the
metal resulting in an ion-enhanced electron field emission.
An explicit expression for the effective secondary electron
emission coefficient γ′ that includes this ion-enhanced field
emission is [34]:

γ′ = Ke−D/E, (1)

where K and D are material and gas dependent constants
and E the electric field near the cathode. According to
equation (1), when the electric field in the cathode region
exceeds the threshold value given by D, the secondary
electron emission coefficient increases rapidly and conse-
quently the breakdown voltage decreases. Constant K can
be determined from the ratio of the field emission current
density to the positive ion current density onto the cath-
ode. On the other hand, constant D can be calculated by
using the expression [35]:

D = 6.85 × 107φ3/2β, (2)

where β is a field enhancement factor and φ is the work
function of the metal i.e. minimum energy required to
remove an electron from the surface of the material ex-
pressed in eV.

The equation that governs the mechanism of the DC
breakdown in micrometer gaps [36] is:

VDC =
d(D + Bp)
ln[ApdK]

, (3)

where d and p represent the interelectrode distance and
the gas pressure, respectively, while A and B are gas spe-
cific constants [37,38].

The resulting current of electrons is not uniformly dis-
tributed over the cathode region and there are also local
regions that contribute to the current. In order to char-
acterize such regions, it is convenient to introduce the en-
hancement factor β defined as the ratio of the local emitter
field over the applied field. This factor is often introduced
in the F-N equation to represent the geometrical effects at
the surface of the cathode [39–41]. In principle, factor β
has a direct physical meaning only for metallic protru-
sions. If the shape of the protrusion is reasonably simple,
value of the enhancement factor can be calculated quite
accurately.

The Fowler-Nordheim (F-N) law gives the current
density extracted from a surface under strong fields, by
treating the emission of electrons from a metal-vacuum
interface in the presence of an electric field normal to
the surface as a quantum mechanical tunneling process.
The F-N equation provides a theoretical relation between
the current density of field emission electrons jFE and the
electric field at the surface of the emitter:

jFE =
6.2 × 10−6(βE)2

φτ2
exp

(
−6.85 × 107φ3/2Θ

βE

)
, (4)

where only the function φ is controlling quantity that de-
pends on the emission surface. The impact due to changes
of a tunneling barrier shape on the exponential term in
the F-N equation are included through corrections:

Θ(y) = 0.95 − υ2, τ2(υ) ≈ 1.1, υ ≈ 3.79 × 10−4
√

βE/φ.
(5)

Field emission results are more conventionally shown on
F-N plot [42]:

ln
(

IFE

V 2

)
= Υ − 1

V
ξ, (6)

Υ = Ae
1.54 × 106β2

φ × d2
exp

(
10.41
φ1/2

)
, (7)

ξ =
6.53 × 103 × φ3/2

β/d
≈ constant

β
. (8)

In the scenario of electron field emission, the F-N plot
should fit a straight line. The numerical value of β can be
determined by using the expression for the slope:

d(log10 IFE/E2.5)
d(1/E)

= −−2.84× 109φ1.5

β
. (9)
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Since enhancement factor usually varies locally on the
cathode surface, instead of the constant β it is custom-
ary to calculate the effective enhancement factor βeff by
solving the equation [43]:

∫ l

0

A(β(y)E0)2

φτ2(y′)
exp

(
−Bv(y′)φ3/2

β(y)E0

)
dy =

∫ l

0

A(βeffE0)2

φτ2(y′)
exp

(
−Bv(y′)φ3/2

βeffE0

)
dy, (10)

where l is the cathode length, β(y) is the local enhance-
ment factor distribution and E0 is the initial surface elec-
tric field.

2.2 Space charge

The value of the field emission current is closely related
to the space charge of electrons leaving the cathode that
effectively reduces field in front of the cathode, inhibit-
ing the electron flow from the cathode and limiting the
current density. The space charge caused by the cathode
may affect the current density-voltage characteristics pre-
dicted by the F-N theory. Child’s law predicts the maxi-
mum transmitted current density by considering the space
charge effect. When the electric field becomes high enough,
the emitted current density jCL will be limited by Child’s
law [40,43]:

jCL =
4ε0

9

√
2e

m

V 3/2

d2
. (11)

At higher pressures such as atmospheric pressure, an
avalanche increase in the discharge leads to rise of a space
charge, which alters the character of the breakdown pro-
cess. The space charge field can be calculated as:

E+ ≈ e+d

2ε0
≈ j+d

2ε0v+
, (12)

where n+ and j+ represent the ion and ion current densi-
ties, respectively and v+ is the ion drift velocity.

3 Experimental arrangement

Measurements were carried out by the experimental set-up
similar to the one described in our previous publications
(see, for example, [28,32,40,44]) and shown in Figure 1.
The discharge system consists of two planar molybdenum
electrodes 2 mm in diameter and separated between 1 μm
and 100 μm. Measurements were carried out using melted
glass covered molybdenum electrodes as shown in Fig-
ure 2a. Additionally in Figure 2b we present surface SEM
picture of the electrode surface and glass electrode inter-
face. The vacuum chamber itself consists of three parts:
positioner for centering the electrode position in three di-
rections and tilting the upper electrode which is located

Fig. 1. General layout of the experimental set-up used for mea-
surements of the direct current breakdown voltage in argon.

in the upper part. In the middle part there is a glass crux
with four fused silica windows. In the bottom part there is
also positioning system for tilting electrode as well as an
improved system for very ultra fine tilting. The electrode
system is fixed in the cradle with micrometric screw. One
of the electrodes was fixed and the other was movable
continuously with micrometer scale linear feed-through.
Electrodes were highly polished and covered by dielectric
glass cap in order to prevent discharge to ignite at longer
paths.

At the beginning of measurements, interface between
molybdenum electrodes and the glass is smooth without
any significant inhomogeneity as can be seen from Figure 2
so we assumed the distortion of the electric field is very
low. During this stage, the breakdown voltages are more
or less stable. However, after some time the breakdown
voltages are unstable due to sputtering of molybdenum
glass particles forming a dielectric layer on the electrode
surfaces. This effect mostly increases breakdown voltages
at higher pd. On the other side at low pd, the situation is
opposite and we observed lower breakdown voltages. The
reason is enlarged and deeper gap between electrode and
glass due to evaporation and thus discharge can ignite on
longer path.

The breakdown voltage curves were recorded based
on the time dependence of the potential difference across
the discharge tube by using a digital oscilloscope. After
a very slowly increasing potential was applied to one of
the electrodes, the potential across the discharge tube
was increased until the breakdown occurs. The DC break-
down voltage was determined from the minimum poten-
tial across the discharge gap required for ignition. The
fact that the breakdown voltage depends on the cathode
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Fig. 2. (a) Molybdenum electrodes covered by melted
glass. (b) SEM picture of the interface glass (light gray)-
molybdenium (dark gray).

material has to be taken into account in breakdown mea-
surements. Even more, the state of the cathode surface
such as roughness or possible oxide layers and other im-
purities deposited on its surface either by exposing the
cathode to the laboratory environment or during the dis-
charge operation also have strong influence on the break-
down voltage curves. For recording voltage-current char-
acteristics, we have used AD card (National Instruments
NI USB-6211) with sampling frequency 10 kHz and aver-
aging from 10 to 200 samples. The discharge sustained
current was limited to 2 mA by power supply to prevent
electrode surface destruction. The images were recorded
by camera connected to a microscope.

4 Results and discussion

Figure 3a shows the breakdown voltage curve as a func-
tion of pd product for different electrode gaps ranging
from 1 μm up to 100 μm. There is a good agreement be-
tween present experimental results for 100 μm (black sym-
bols) and the data for the centimeter gaps taken from ref-
erence [45] (dash dot curve) and [46] (dot curve), since
field emission plays no role for such gap sizes. On the
other hand, for the gaps less than 5 μm the breakdown
voltages are systematically lower than those predicted by
the standard Paschen law due to the field emission en-
hanced secondary electron production. Based on the mea-
sured breakdown voltage curves, the values of the effective
yield versus the reduced electric field E/p (electric field to
the gas pressure ratio) were determined [47]. Our values
of the effective yields are in a good agreement with the
data taken from reference [48] (open down triangles). As
can be observed from Figure 3b, the lowest values of the
yield were obtained for the 100 μm gaps (crosses). With
decreasing the gap spacing, the value of the yield increases
and reaches the highest values for the 1 μm gap size (blue
triangles).

Figure 4a shows an increase of the effective yields with
increasing the electric field illustrating that when the elec-
tric field near the cathode is sufficiently large, electrons

Fig. 3. (a) Breakdown voltage curves and (b) dependence of
the electron yield on the inverted electric field for various gap
sizes. Our results are compared with the experimental data
taken from [45] and [46], respectively. Open down triangles
correspond to the data taken from [48].

can be liberated from the surface by quantum mechanical
tunneling. Due to the fact that the highest electric field
is generated at the smallest gap spacing, the values of the
yield are the highest for the 1 μm, while the lowest values
are obtained for the 100 μm gap size. In order to illustrate
the effect of the field emission on the secondary electron
production we listed the minimum and maximum values
of the effective yield for various gap sizes in Table 1. Fol-
lowing the data listed in Table 1, one may conclude that
for the electrode gaps between 100 μm and 20 μm, the val-
ues of the effective yield are very similar to those for the
centimeter distances [48]. For 10 μm gap size, the maxi-
mum value of the yield is around 0.2, while for the 2.5 μm
is close to 1. On the other hand, for the gap 1 μm, the
effective yields exceed the value 1 due to field emission
effect.

The effective yields shown in Figure 4a can be fitted
by the expression (1) in order to determine parameters K
and D which could be than put into the expression (3)
for calculating the breakdown voltages. Figure 4b demon-
strates a good agreement between our experimental results
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Fig. 4. (a) Dependence of the electron yield on the inverted
electric field and (b) breakdown voltage curve determined in
accordance with (2).

Table 1. The minimum and maximum values of the effective
yield of argon estimated from the experimental data shown in
Figure 3.

Gap size γmin γmax

[μm]
100 0.0038 0.0958
20 0.0042 0.1137
10 0.0062 0.1802
5 0.0226 0.2254

2.5 0.1920 0.9348
1 0.7306 1.6578

(symbols) with the calculated values of the breakdown
voltages (lines) under experimental conditions.

With determined parameters K and D and by us-
ing expression (3) it is easy to calculate the breakdown
voltages under conditions where it is hard to establish
proper experimental conditions as demonstrated in Fig-
ure 5 which contains calculated values of the breakdown
voltage versus: (a) the gap spacing between 0.5 μm and
10 μm at various pressures and (b) the pressure in the
range from 300 Torr to 2000 Torr for various gap sizes.

Figure 6 shows the ratio of the ion-enhanced field emis-
sion secondary coefficient γ′ determined in accordance

Fig. 5. Breakdown voltage calculated by using (3) as a func-
tion of: (a) the gap size (b) the pressure.

to expression (1) to Townsend’s secondary coefficient γ
(assumed average of 0.01) is plotted against: (a) the re-
duced electric field for various gap sizes and (b) the elec-
trode gap for various values of K. The ratio of the yields
γ′/γ extents many orders of magnitude as the breakdown
transitions from Townsend dominated to field emission-
dominated processes. As can be seen from Figure 6b,
at larger gaps, when Paschen’s curve holds true, the ra-
tio is extremely small indicating that ion-enhanced field
emission is negligible. However, for gaps ranged from ap-
proximately 3 μm until the peak voltage transition, the
ratio is moderate indicating that though field emission
is now important, Townsend secondary emission cannot
be ignored. This suggests that breakdown begins devi-
ating from Paschen’s curve when emitted electrons are
generated by ion-enhanced field emission rather than sec-
ondary emission. For gaps less then 3 μm the ratio be-
comes around 102 and for given γ that was fixed at 0.01,
this corresponds to γ′ larger then 1. A secondary emission
coefficient larger then 1 is typically non-physical except in
special cases, and this merely confirms that this descrip-
tion of breakdown is not appropriate at very small gaps.
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Fig. 6. Dependence of the γ′/γ on: (a) the reduced electric
field at different gaps and (b) the gap size for different values
of K. The γ = 0.01.

The F-N equation (4) correctly predicts the average
current density at the gap sizes of the order of a few mi-
crons as demonstrated in Figure 7a. On the other hand,
the negative slopes of the corresponding F-N plots (9)
shown in Figure 6b confirm the that field emission plays
significant role in such gap sizes. With increasing gap size,
the breakdown voltage increases since the contribution of
field emission progressively reduces.

Figure 8 contains current density for various work
functions φ representing the effect of different electrode
materials. The F-N current density decreases at the same
applied voltage with increasing work function, while the
space charge current density remains the same.

For a work function of 4.2 eV in case of molybdenum
and a gap length of 2.5 μm, the F-N current density (blue
symbols) obtained from the expression (4) and the space
charge limited current density (red symbols) calculated
from expression (11) are compared in Figure 9. The cross-
ing point at around 1.4 × 108 V/m represents the transi-
tion field (transition from the F-N field emission to the
space charge limited current density).

Fig. 7. (a) Current density and (b) F-N plot for various
gap spacings determined from the expressions (4) and (9),
respectively.

Due to the non-linear property of F-N equation (4),
the geometric effects strongly affect the current density.
The multiplication of β makes F-N current density (4)
much larger, while the space charge limited current den-
sity remains unchanged. Consequently, the transition field
is reduced. Figure 10 shows the approach to the space
charge limited current density with increasing enhance-
ment factor β. As the β factor increase, the current den-
sity also increases approaching the space charge limited
current density.

Current-voltage characteristic and corresponding im-
ages of the development of discharge at the pressure of
205 Torr and the gap size of 20 μm are shown in Fig-
ure 11. From Figure 11a to Figure 11d, the V -A character-
istic looks like typical current-voltage characteristic of low-
pressure discharges with distinguished different discharge
regions [49–51]. Image shown in Figure 11e corresponds to
the arc discharge. Since the arc is expected at the pres-
sure around one atmosphere, it seems to be some type
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Fig. 8. F-N current density calculated in accordance with the
expression (4) for the 2.5 μm gap size for the work function
that corresponds to the various electrode materials.

Fig. 9. F-N current density (red diamonds) and space charge
limited current density (blue circles) plotted by using (4)
and (11), respectively for the 2.5 μm gap size.

of micro-arc, at somewhat lower pressures than usually.
It could be explained as an explosion-like vaporisation of
contact material being sometimes initiated by a micro-arc
ignition [52–54]. As the discharge current increases, the
electrodes start to melt and connect to each other.

5 Conclusions

In this paper we presented and discussed the measure-
ments of the properties of DC argon microdischarges, in-
cluding Paschen curves and Volt-Ampere characteristics.
For the discharge gaps of the order of tens of microns, the
breakdown voltage characteristics show a strong similar-
ity to the results of low-pressure standard size discharges.
For the lower gaps, however, breakdown is initiated by the
secondary emission processes instead of a gas avalanche
process. The observed breakdown voltage reduction may

Fig. 10. Effect of the enhancement factor on approach to the
space charge limited current density calculated for the 1 μm
gap size and a fixed electric field of 2.5 × 109 V/m.

Fig. 11. Volt-Amper characteristics of the argon DC dis-
charges at the gap size of 20 μm and the value of pd =
0.41 Torr cm.The exposure time was around 1 s.

be attributed to the onset of ion-enhanced field emission.
When the electric field becomes sufficiently large, the ion-
enhanced field emission becomes dominant mechanism of
the secondary emission process leading to the violation
from the standard scaling law.

Values of the effective yields estimated from the mea-
sured breakdown voltage curves are spread from around
0.004 for the 100 μm up to around 1.7 for the 1 μm gap size
indicating the importance of the ion induced field emission
and field emission effect.

Theoretical predictions for the breakdown voltage
curves, current densities and the space charge limited cur-
rent density were also determined. Although the space
charge limited current density does not depend on the
work function, F-N current density strongly depends on
the electrode material. With increasing the work function,
F-N current density decreases and slowly approaches to
the space charge limited current density.

The analysis of the Volt-Ampere characteristics and
the corresponding images of the discharges recorded at
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the gap size of 20 μm at pd = 0.41 Torr cm indicates the
existence of micro-arcs at the pressure of around 200 Torr.
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17. D. Marić, N. Škoro, P.D. Maguire, C.M.O. Mahony, G.N.
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Radjenović, Phys. Lett. A 376, 1048 (2012)
33. Y. Li, D.B. Go, J. Appl. Phys. 116, 103306 (2014)
34. W.S. Boyle, P. Kisliuk, Phys. Rev. 97, 255 (1955)
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Matejčcik, Micro Nano Lett. 7, 232 (2012)
45. J.M. Meek, J.D. Craggs, Electrical breakdown of gases

(Oxford University Press, Oxford, 1953)
46. V.A. Lisovsky, S.D. Yakovin, J. Exp. Theor. Phys. Lett.

72, (2000) 34
47. Ph. Guillot, Ph. Belenguer, L. Therese, V. Lavione, H.

Chollet, Surf. Interface Anal. 35, 604 (2003)
48. G. Auday, Ph. Guillot, J. Galy, H. Brunet, J. Appl. Phys.

83, 5917 (1998)
49. C. Bruno, Y. Jian-Hua, M. Zeng-Yi, P. Xin-Chao, C.

Ke-Fa, T. Xin, Acta Phys. Sin. 55, 3451 (2006)
50. Y. Yin, M.M.M. Bilek, D.R. McKenzie, R.W. Boswell, C.

Charles, J. Phys. D 37, 2871 (2004)
51. X. Li, R. Liu, P. Jia, W. Bao, Y. Shang, Europhys. Lett.

102, 55003 (2013)
52. A.S. Kumar, K. Okazaki, IEEE Trans. Plasma Sci. 23, 735

(1995)
53. Y. Hirata, M. Fukushima, T. Sano, K. Ozaki, T. Ohji,

Vacuum 59, 142 (2000)
54. M. Park, Y. Hirata, T. Urabe, Weld. World 58, 47 (2014)

http://www.epj.org

	Introduction
	Theoretical background
	Experimental arrangement
	Results and discussion
	Conclusions
	References

